Characteristics of the diffuse astrophysical electron and tau neutrino
  flux with six years of IceCube high energy cascade data by IceCube Collaboration et al.
Characteristics of the diffuse astrophysical electron and tau neutrino flux with six
years of IceCube high energy cascade data
M. G. Aartsen,16 M. Ackermann,55 J. Adams,16 J. A. Aguilar,12 M. Ahlers,20 M. Ahrens,46 C. Alispach,26 K.
Andeen,37 T. Anderson,52 I. Ansseau,12 G. Anton,24 C. Argu¨elles,14 J. Auffenberg,1 S. Axani,14 P. Backes,1 H.
Bagherpour,16 X. Bai,43 A. Balagopal V.,29 A. Barbano,26 S. W. Barwick,28 B. Bastian,55 V. Baum,36 S. Baur,12 R.
Bay,8 J. J. Beatty,18, 19 K.-H. Becker,54 J. Becker Tjus,11 S. BenZvi,45 D. Berley,17 E. Bernardini,55, ∗ D. Z.
Besson,30, † G. Binder,8, 9 D. Bindig,54 E. Blaufuss,17 S. Blot,55 C. Bohm,46 S. Bo¨ser,36 O. Botner,53 J. Bo¨ttcher,1 E.
Bourbeau,20 J. Bourbeau,35 F. Bradascio,55 J. Braun,35 S. Bron,26 J. Brostean-Kaiser,55 A. Burgman,53 J.
Buscher,1 R. S. Busse,38 T. Carver,26 C. Chen,6 E. Cheung,17 D. Chirkin,35 S. Choi,48 K. Clark,31 L. Classen,38 A.
Coleman,39 G. H. Collin,14 J. M. Conrad,14 P. Coppin,13 P. Correa,13 D. F. Cowen,51, 52 R. Cross,45 P. Dave,6 C. De
Clercq,13 J. J. DeLaunay,52 H. Dembinski,39 K. Deoskar,46 S. De Ridder,27 P. Desiati,35 K. D. de Vries,13 G. de
Wasseige,13 M. de With,10 T. DeYoung,22 A. Diaz,14 J. C. Dı´az-Ve´lez,35 H. Dujmovic,29 M. Dunkman,52 E.
Dvorak,43 B. Eberhardt,35 T. Ehrhardt,36 P. Eller,52 R. Engel,29 P. A. Evenson,39 S. Fahey,35 A. R. Fazely,7 J.
Felde,17 K. Filimonov,8 C. Finley,46 D. Fox,51 A. Franckowiak,55 E. Friedman,17 A. Fritz,36 T. K. Gaisser,39 J.
Gallagher,34 E. Ganster,1 S. Garrappa,55 L. Gerhardt,9 K. Ghorbani,35 T. Glauch,25 T. Glu¨senkamp,24 A.
Goldschmidt,9 J. G. Gonzalez,39 D. Grant,22 T. Gre´goire,52 Z. Griffith,35 S. Griswold,45 M. Gu¨nder,1 M. Gu¨ndu¨z,11
C. Haack,1 A. Hallgren,53 R. Halliday,22 L. Halve,1 F. Halzen,35 K. Hanson,35 A. Haungs,29 D. Hebecker,10 D.
Heereman,12 P. Heix,1 K. Helbing,54 R. Hellauer,17 F. Henningsen,25 S. Hickford,54 J. Hignight,23 G. C. Hill,2 K. D.
Hoffman,17 R. Hoffmann,54 T. Hoinka,21 B. Hokanson-Fasig,35 K. Hoshina,35, ‡ F. Huang,52 M. Huber,25 T.
Huber,29, 55 K. Hultqvist,46 M. Hu¨nnefeld,21 R. Hussain,35 S. In,48 N. Iovine,12 A. Ishihara,15 M. Jansson,46 G. S.
Japaridze,5 M. Jeong,48 K. Jero,35 B. J. P. Jones,4 F. Jonske,1 R. Joppe,1 D. Kang,29 W. Kang,48 A. Kappes,38 D.
Kappesser,36 T. Karg,55 M. Karl,25 A. Karle,35 U. Katz,24 M. Kauer,35 J. L. Kelley,35 A. Kheirandish,35 J. Kim,48
T. Kintscher,55 J. Kiryluk,47 T. Kittler,24 S. R. Klein,8, 9 R. Koirala,39 H. Kolanoski,10 L. Ko¨pke,36 C. Kopper,22 S.
Kopper,50 D. J. Koskinen,20 M. Kowalski,10, 55 K. Krings,25 G. Kru¨ckl,36 N. Kulacz,23 N. Kurahashi,42 A.
Kyriacou,2 J. L. Lanfranchi,52 M. J. Larson,17 F. Lauber,54 J. P. Lazar,35 K. Leonard,35 M. Lesiak-Bzdak,47 A.
Leszczyn´ska,29 M. Leuermann,1 Q. R. Liu,35 E. Lohfink,36 C. J. Lozano Mariscal,38 L. Lu,15 F. Lucarelli,26 J.
Lu¨nemann,13 W. Luszczak,35 Y. Lyu,8, 9 W. Y. Ma,55 J. Madsen,44 G. Maggi,13 K. B. M. Mahn,22 Y. Makino,15 P.
Mallik,1 K. Mallot,35 S. Mancina,35 I. C. Maris¸,12 R. Maruyama,40 K. Mase,15 R. Maunu,17 F. McNally,33 K.
Meagher,35 M. Medici,20 A. Medina,19 M. Meier,21 S. Meighen-Berger,25 G. Merino,35 T. Meures,12 J. Micallef,22 D.
Mockler,12 G. Momente´,36 T. Montaruli,26 R. W. Moore,23 R. Morse,35 M. Moulai,14 P. Muth,1 R. Nagai,15 U.
Naumann,54 G. Neer,22 H. Niederhausen,47, 25 M. U. Nisa,22 S. C. Nowicki,22 D. R. Nygren,9 A. Obertacke
Pollmann,54 M. Oehler,29 A. Olivas,17 A. O’Murchadha,12 E. O’Sullivan,46 T. Palczewski,8, 9 H. Pandya,39 D. V.
Pankova,52 N. Park,35 P. Peiffer,36 C. Pe´rez de los Heros,53 S. Philippen,1 D. Pieloth,21 S. Pieper,54 E. Pinat,12 A.
Pizzuto,35 M. Plum,37 A. Porcelli,27 P. B. Price,8 G. T. Przybylski,9 C. Raab,12 A. Raissi,16 M. Rameez,20 L.
Rauch,55 K. Rawlins,3 I. C. Rea,25 A. Rehman,39 R. Reimann,1 B. Relethford,42 M. Renschler,29 G. Renzi,12 E.
Resconi,25 W. Rhode,21 M. Richman,42 S. Robertson,9 M. Rongen,1 C. Rott,48 T. Ruhe,21 D. Ryckbosch,27 D.
Rysewyk,22 I. Safa,35 S. E. Sanchez Herrera,22 A. Sandrock,21 J. Sandroos,36 M. Santander,50 S. Sarkar,41 S.
Sarkar,23 K. Satalecka,55 M. Schaufel,1 H. Schieler,29 P. Schlunder,21 T. Schmidt,17 A. Schneider,35 J. Schneider,24
F. G. Schro¨der,29, 39 L. Schumacher,1 S. Sclafani,42 D. Seckel,39 S. Seunarine,44 S. Shefali,1 M. Silva,35 R. Snihur,35
J. Soedingrekso,21 D. Soldin,39 M. Song,17 G. M. Spiczak,44 C. Spiering,55 J. Stachurska,55 M. Stamatikos,19 T.
Stanev,39 R. Stein,55 J. Stettner,1 A. Steuer,36 T. Stezelberger,9 R. G. Stokstad,9 A. Sto¨ßl,15 N. L. Strotjohann,55
T. Stu¨rwald,1 T. Stuttard,20 G. W. Sullivan,17 I. Taboada,6 F. Tenholt,11 S. Ter-Antonyan,7 A. Terliuk,55 S.
Tilav,39 K. Tollefson,22 L. Tomankova,11 C. To¨nnis,49 S. Toscano,12 D. Tosi,35 A. Trettin,55 M. Tselengidou,24 C. F.
Tung,6 A. Turcati,25 R. Turcotte,29 C. F. Turley,52 B. Ty,35 E. Unger,53 M. A. Unland Elorrieta,38 M. Usner,55 J.
Vandenbroucke,35 W. Van Driessche,27 D. van Eijk,35 N. van Eijndhoven,13 J. van Santen,55 S. Verpoest,27 M.
Vraeghe,27 C. Walck,46 A. Wallace,2 M. Wallraff,1 N. Wandkowsky,35 T. B. Watson,4 C. Weaver,23 A. Weindl,29 M.
J. Weiss,52 J. Weldert,36 C. Wendt,35 J. Werthebach,35 B. J. Whelan,2 N. Whitehorn,32 K. Wiebe,36 C. H.
Wiebusch,1 L. Wille,35 D. R. Williams,50 L. Wills,42 M. Wolf,25 J. Wood,35 T. R. Wood,23 K. Woschnagg,8 G.
Wrede,24 D. L. Xu,35 X. W. Xu,7 Y. Xu,47 J. P. Yanez,23 G. Yodh,28 S. Yoshida,15 T. Yuan,35 and M. Zo¨cklein1
(IceCube Collaboration)§
ar
X
iv
:2
00
1.
09
52
0v
1 
 [a
str
o-
ph
.H
E]
  2
6 J
an
 20
20
21III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Department of Physics, University of Adelaide, Adelaide, 5005, Australia
3Dept. of Physics and Astronomy, University of Alaska Anchorage,
3211 Providence Dr., Anchorage, AK 99508, USA
4Dept. of Physics, University of Texas at Arlington, 502 Yates St.,
Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA
5CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
6School of Physics and Center for Relativistic Astrophysics,
Georgia Institute of Technology, Atlanta, GA 30332, USA
7Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
8Dept. of Physics, University of California, Berkeley, CA 94720, USA
9Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
10Institut fu¨r Physik, Humboldt-Universita¨t zu Berlin, D-12489 Berlin, Germany
11Fakulta¨t fu¨r Physik & Astronomie, Ruhr-Universita¨t Bochum, D-44780 Bochum, Germany
12Universite´ Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
13Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
14Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
15Dept. of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan
16Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
17Dept. of Physics, University of Maryland, College Park, MD 20742, USA
18Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA
19Dept. of Physics and Center for Cosmology and Astro-Particle Physics,
Ohio State University, Columbus, OH 43210, USA
20Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
21Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany
22Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
23Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1
24Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany
25Physik-department, Technische Universita¨t Mu¨nchen, D-85748 Garching, Germany
26De´partement de physique nucle´aire et corpusculaire,
Universite´ de Gene`ve, CH-1211 Gene`ve, Switzerland
27Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
28Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA
29Karlsruhe Institute of Technology, Institut fu¨r Kernphysik, D-76021 Karlsruhe, Germany
30Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
31SNOLAB, 1039 Regional Road 24, Creighton Mine 9, Lively, ON, Canada P3Y 1N2
32Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA
33Department of Physics, Mercer University, Macon, GA 31207-0001, USA
34Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA
35Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center,
University of Wisconsin, Madison, WI 53706, USA
36Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany
37Department of Physics, Marquette University, Milwaukee, WI, 53201, USA
38Institut fu¨r Kernphysik, Westfa¨lische Wilhelms-Universita¨t Mu¨nster, D-48149 Mu¨nster, Germany
39Bartol Research Institute and Dept. of Physics and Astronomy,
University of Delaware, Newark, DE 19716, USA
40Dept. of Physics, Yale University, New Haven, CT 06520, USA
41Dept. of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK
42Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA
43Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA
44Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA
45Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
46Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden
47Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
48Dept. of Physics, Sungkyunkwan University, Suwon 16419, Korea
49Institute of Basic Science, Sungkyunkwan University, Suwon 16419, Korea
50Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA
51Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
52Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA
53Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden
54Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany
55DESY, D-15738 Zeuthen, Germany
3We report on the first measurement of the astrophysical neutrino flux using particle showers
(cascades) in IceCube data from 2010 – 2015. Assuming standard oscillations, the astrophysical
neutrinos in this dedicated cascade sample are dominated (∼ 90%) by electron and tau flavors. The
flux, observed in the energy range from 16 TeV to 2.6 PeV, is consistent with a single power-law as
expected from Fermi-type acceleration of high energy particles at astrophysical sources. We find
the flux spectral index to be γ = 2.53 ± 0.07 and a flux normalization for each neutrino flavor of
φastro = 1.66
+0.25
−0.27 at E0 = 100 TeV. This flux of electron and tau neutrinos is in agreement with
IceCube muon neutrino results and with all-neutrino flavor results. Results from fits assuming more
complex neutrino flux models suggest a flux softening at high energies and a flux hardening at low
energies (p-value ≥ 0.06).
Introduction. In 2013, the IceCube collaboration discov-
ered a diffuse flux of TeV-PeV neutrinos of astrophysical
origin [1–3]. In 2018, an Active Galactic Nucleus (AGN)
with a relativistic jet pointing towards the Earth, the
blazar TXS 0506+056, was identified as the first possi-
ble extra-galactic source of astrophysical neutrinos and
thereby cosmic rays [4, 5]. AGN have been proposed as
natural cosmic accelerators for a long time [6–11]. How-
ever they do not account for the total measured astro-
physical neutrino flux [12, 13]. The sources of most high
energy neutrinos are yet unidentified. Neutrino produc-
tion is typically associated with cosmic ray acceleration
at the source and interactions either with surrounding gas
(pp) or photons (pγ). Different production mechanisms
lead to different neutrino flavor compositions at sources.
Neutrino oscillations over astrophysical distances drive
the injected values strongly towards flavor equality at
Earth as expected for ideal pion-decay sources [14–22].
The Fermi shock acceleration mechanism of high energy
cosmic rays predicts the flux of neutrinos to follow a
single power law E−γ with a baseline spectral index of
γ ∼ 2 [23]. The spectral index and flux normalization
factors carry information about neutrino sources [24, 25].
Assuming the flux follows a single power law, the spec-
tral indices measured by IceCube [26–31] range from
γ = 2.28+0.08−0.09 for muon neutrinos originating from the
Northern sky (E > 40 TeV) [26, 27] to γ = 2.88+0.20−0.19 for
the all-sky and of all-flavor High Energy Starting Events
(HESE; E > 60 TeV) [29]. The low energy extension
of the HESE analysis, Medium Energy Starting Events
(MESE), resulted in γ = 2.46 ± 0.12 for neutrinos of all
flavors with E > 25 TeV [30]. In this paper we present
the first results on the astrophysical flux of electron and
tau neutrinos determined with 6 years of IceCube data.
Data selection. IceCube is a neutrino observatory com-
prising 5160 Digital Optical Modules (DOMs) [32] dis-
tributed over one cubic kilometer in the antarctic ice.
Charged particles, which are produced in neutrino inter-
actions, emit Cherenkov light while propagating through
the ice. The Cherenkov light detected by the optical
sensors forms two types of patterns, tracks and cascades.
Single cascades are electromagnetic and/or hadronic par-
ticle showers produced by (i) electron or low energy
tau neutrinos scattering inelastically off target nucleons
through a W boson (ii) neutrinos of all flavors scatter-
ing inelastically off target nucleons through a Z boson or
(iii) electron anti-neutrinos interacting with atomic elec-
trons to form a W− boson, the Glashow Resonance [33].
Even though the angular resolution of cascades is limited
(> 8◦) [34], their energy resolution (∼ 15%) [35] as well
as their low atmospheric neutrino background make the
cascade channel particularly well suited for measuring
and characterizing the energy dependent astrophysical
neutrino flux [36].
We analyzed 6 years of IceCube cascade data, col-
lected in 2010 − 2015. We used IceCube Monte Carlo
simulation packages to simulate the cosmic ray back-
ground with CORSIKA [37] and single muons from cos-
mic rays with MuonGun [38]. For the cosmic-ray primary
flux we used the Gaisser-H3a [39] model and SIBYLL
2.1 [40] as the hadronic interaction model. High en-
ergy neutrino interactions were generated with the Nu-
Gen software package analogous to the ANIS neutrino
event generator [41]. Astrophysical neutrino event selec-
tion efficiencies were tested assuming as baseline an E−2
flux with equal numbers of neutrinos and anti-neutrinos,
and with an equal neutrino flavor mixture at Earth:
(νe : νµ : ντ )E = (ν¯e : ν¯µ : ν¯τ )E = 0.5 : 0.5 : 0.5.
The conventional atmospheric neutrino flux from pion
and kaon decays was modeled according to [42], with
primary cosmic ray flux modifications according to the
Gaisser-H3a model [39]. It is in agreement, in the en-
ergy range relevant to this analysis E > 400 GeV, with
the atmospheric neutrino flux measurements by Super-
Kamiokande [43], AMANDA-II [44, 45], IceCube [46–48],
and ANTARES [49]. Atmospheric neutrinos originating
from the decays of charm or heavier mesons produced
in air-showers, so-called prompt neutrinos, are yet to be
detected. We used the BERSS model [50] to predict the
contribution from prompt neutrinos to the total neutrino
flux, and the atmospheric neutrino self veto effect cal-
culations from [51], tuned to match our full CORSIKA
Monte Carlo simulations.
The analyzed data consists of two sets: 2010− 2011 (2
years, Sample-A) [52] and 2012− 2015 (4 years, Sample-
B) [53–55]. Events from both samples passed IceCube’s
dedicated online cascade filter, which utilizes results of
simple muon and cascade reconstruction algorithms. The
cascade filter reduces the cosmic ray background rate
from ∼ 2.7 kHz to ∼ 30Hz, while retaining ∼ 90% of
4the expected astrophysical neutrinos and ∼ 70% of the
conventional atmospheric neutrinos. In order to further
reduce backgrounds and ensure high neutrino induced
cascade signal efficiencies and good cascade energy res-
olution, a fiducial volume selection on the reconstructed
cascade vertex position was imposed. A straight cut
selection method was used to select signal cascades in
Sample-A (E > 10 TeV) [52] and in the high energy
(E > 60 TeV) subset of Sample-B [53, 55]. It builds
on methods developed in previous IceCube searches ded-
icated to astrophysical cascades performed with partial
detector configurations during IceCube construction pe-
riods [56–58]. A significant improvement was achieved by
applying a Boosted Decision Tree [59] method in the low
energy (∼ 400 GeV < E < 60 TeV) subset of Sample-B
to classify events according to their topology into muon
background, signal neutrino induced cascades and start-
ing track (hybrid) events [53, 54]. The obtained cas-
cade sample has low (8%) muon background contamina-
tion. Lowering the energy threshold from 10 TeV (Sam-
ple A) to ∼ 400 GeV (Sample B) substantially reduces
systematic uncertainties in this measurement. Recon-
structed cascade energy distributions for Sample-A and
for Sample-B after all selections are shown as black points
in Fig. 1. About 60% of the cascades identified in this
analysis and with reconstructed energies above 60 TeV
do not contribute to the HESE cascade sample for the
same period (2010-2015).
Analysis and results. We determined the astrophysical
neutrino flux, characterized by parameters θr, by maxi-
mizing a binned poisson likelihood L (θr, θs |n). The θs
are the nuisance parameters, and n = (n1, ...., nm) is the
vector of observed event counts ni in the i
th bin. The fit
was performed in bins of three observables: event type
(cascade, muon track, starting track), reconstructed en-
ergy, and reconstructed zenith angle in the range 0 − pi,
as shown in Table I. In this analysis, the log-likelihood
function is defined, up to a constant, as:
logL (θr, θs |n) =
m∑
i=1
[ni logµi (θr, θs)− µi (θr, θs)] +
1
2
[(
DOMeff − ˆDOMeff
σDOM
)2
+
(
HIabs − ˆHIabs
σHI
)2
+
(
∆γCR − ∆ˆγCR
σ∆γCR
)2]
+
1
2
(
BI − ˆBI
)T
Σ−1BI
(
BI − ˆBI
)
. (1)
The expected, from Monte Carlo simulations, number of
events in the ith bin is defined as µi = µ
atm.µ
i +µ
conv.ν
i +
µpromptνi + µ
astro.ν
i , the sum of background cosmic ray
muons, conventional and prompt atmospheric neutrinos,
and astrophysical neutrinos. The nuisance parameters
θs contribute additive penalty terms to the log-likelihood
function, Eq.(1). They account for detector related sys-
tematic uncertainties, comprised of the DOM optical effi-
ciency, DOMeff , optical properties (scattering and absorp-
tion length) of the bulk ice (BI), BIscat and 
BI
abs, and of the
Sample & Energy Energy Zenith Zenith
Event Type NBins Range NBins Range
A cascade 15 4.0 − 7.0 3 0− pi
B cascade 22 2.6 − 7.0 3 0− pi
B starting track 11 2.6 − 4.8 1 0− pi
B µ track 1 2.6 − 4.8 1 0− pi
TABLE I. The binning of observables (reconstructed en-
ergy and zenith) used in the maximum likelihood fit. En-
ergy ranges are given in logarithmic units, log10 E/GeV, and
zenith ranges are given in radians. The three bins’ ranges in
cos(Zenith) are (−1, 0.2, 0.6, 1)
re-frozen drilled hole ice (HI), HIscat. The bivariate covari-
ance matrix ΣBI takes into account correlations between
the two components of BI = (BIscat, 
BI
abs). Other system-
atic uncertainties are due to uncertainties on the cosmic
ray flux index ∆γCR, on the flux normalizations of the
cosmic ray muon φmuon, atmospheric conventional φconv
and prompt φprompt neutrino backgrounds. Uncertain-
ties in the atmospheric neutrino flux prediction related
to hadronic interaction models have been studied with
SIBYLL 2.3c [60], EPOS-LHC [61], QGSJET-II v04 [62]
and DPMJET-III 17.1 [63] models, using the MCEq [64]
package. They were found small and thus neglected.
We performed several fits considering different func-
tional forms of the astrophysical neutrino flux. All mod-
els assume equal numbers of neutrinos and anti-neutrinos
and equal neutrino flavors at Earth. First we describe the
results obtained for the single power law flux model:
Φν+ν¯astro (E) /C0 = φastro × (E/E0)−γ , (2)
where C0 = 3 × 10−18 GeV−1 ·cm−2 ·s−1 ·sr−1 and E0 =
100 TeV. We find the following best fit parameters: the
flux spectral index γ = 2.53 ± 0.07 and the flux nor-
malization for each neutrino flavor φastro = 1.66
+0.25
−0.27 at
E0 = 100 TeV. The result for the measured electron and
tau neutrino flux Φνe+ν¯eastro +Φ
ντ+ν¯τ
astro changes insignificantly,
if we include variations in the injected flavor ratio at as-
trophysical sources (νe : νµ : ντ )S = (1 − fSµ : fSµ : 0)
through an additional nuisance parameter 0 ≤ fSµ ≤ 1,
are given in the Supplemental Material Fig. 4 (right).
The sensitive energy range, defined as the smallest range
where a non-zero astrophysical flux is consistent with the
data at 90% C.L. [54], ranges from 16 TeV to 2.6 PeV.
The best fit values of all physics and nuisance fit pa-
rameters and their uncertainties are given in Table II.
Figure 1 shows the reconstructed cascade energy distri-
butions for data and for Monte Carlo simulations with
the signal and background contributions scaled accord-
ing to the best fit values of all fit parameters. The agree-
ment between data and simulations is very good with a
goodness-of-fit [65] p-value of 0.88 [54]. The number of
neutrino events based on the best fit results are shown in
Table III. The contribution from astrophysical electron
5Parameter Prior Result ±1σ
constraint (< 90% upper limit)
γ - 2.53± 0.07
φastro - 1.66
+0.25
−0.27
φconv - (1.07
+0.13
−0.12)× ΦHKKMS06
φprompt - < 5.0× ΦBERSS
φmuon - 1.45± 0.04
∆γCR 0.00± 0.05 0.02± 0.03
BIscat 1.00± 0.07 1.02± 0.03
BIabs 1.00± 0.07 1.03+0.05−0.04
HIscat - 1.72± 0.19
DOMeff 0.99± 0.10 1.03+0.08−0.07
TABLE II. Best fit values and uncertainties for all parameters
included in the single power law fit.
Number of Events νe+ν¯e νµ+ν¯µ ντ+ν¯τ
astro. 303+46−45 59
+8
−7 204
+28
−27
(127+12−12) (22
+2
−2) (80
+7
−7)
atmo. conv. 851+23−23 2901
+64
−65 -
(50+3−3) (143
+8
−8) -
atmo. prompt < 192 < 32 -
(< 57) (< 7) -
TABLE III. Number of events for the six years cascade data.
The number of astrophysical neutrinos results from the single
power law best fit. Numbers of events given in brackets refer
to neutrinos with reconstructed energies above 10 TeV. The
number of atmospheric tau neutrinos is negligible.
and tau neutrinos to the cascade samples strongly domi-
nates over the small (12%) contribution from astrophysi-
cal muon neutrinos. The energy and zenith angle depen-
dence of the measured flux is consistent with expectations
for a flux of neutrinos of astrophysical origin. The 68%
C.L. profile likelihood contours for the correlated spectral
index and flux normalization are shown in Fig. 2 as a red
curve. Similar results (yellow curve) were obtained un-
der the assumption that the astrophysical neutrino flux
originated from the pγ-type source where we used the at-
earth flavor ratios, (νe : νµ : ντ )E = 0.78 : 0.61 : 0.61 and
(ν¯e : ν¯µ : ν¯τ )E = 0.22 : 0.39 : 0.39 [66], and assumed the
single power law flux. No significant difference has been
observed for the flux from the Northern and Southern
skies (dashed cyan and blue lines in Fig. 2). Since the
atmospheric self veto effect [38, 51, 67, 68] reduces atmo-
spheric neutrino background in the Southern sky, the as-
trophysical flux is measured more precisely in the South-
ern than in the Northern hemisphere, γS = 2.52
+0.10
−0.11 and
γN = 2.45
+0.17
−0.36 (Tab. IV, hypothesis F). Other IceCube
results are shown as blue, green and black curves for the
muon neutrinos [27], HESE [29] and MESE [30] analyses.
Only the muon neutrino sample is uncorrelated with cas-
cade events from this analysis. The muon neutrino flux,
measured for energies above 40 TeV from the Northern
sky, is in agreement with the cascade result at the level
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FIG. 1. Reconstructed cascade energy distribution. Black
points are data, with statistical uncertainties, acquired dur-
ing the observation period. Continuous lines are Monte Carlo
simulations as labeled in the legend. The atmospheric back-
ground histograms are stacked (filled colors). Shown are best
fit distributions assuming single power-law model of the astro-
physical neutrino flux (Tab. II). Top: data from 2012− 2015
(Sample-B). Bottom: data from 2010− 2011 (Sample-A).
of 1.5σ corresponding to a p-value of 0.07. The elec-
tron and tau neutrino (cascade) and all-neutrino flavor
(HESE and MESE) measurements, which are correlated,
are consistent in the overlapping energy range.
The results from fits beyond a single power-law model
assumption are described below. In the differential model
we assumed the flux follows an E−2 spectrum in the indi-
vidual neutrino energy segments with independent nor-
malizations [54]. The corresponding fit results, which
indicate the strength of the astrophysical neutrino flux,
are shown as black points in Fig. 3. The fit results assum-
ing other hypotheses are shown as curves with functional
forms given in Tab. IV. The red curve is the result of
the single power law fit (hypothesis A) with the band
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FIG. 2. 68% C.L. profile likelihood contours for the single
power-law astrophysical neutrino flux fit parameters, the flux
normalization (per neutrino flavor) and the spectral index.
Shown are results for the combined 2010-2015 (6 years) cas-
cade analysis. Red (yellow) curves are obtained assuming pp
(pγ) neutrino production mechanism at the source, respec-
tively. Other IceCube results are shown as blue, green and
gray curves for νµ [27] and for all-neutrino flavor HESE [29]
and MESE [30] analyses.
indicating allowed parameters at 68% C.L. Single power
law fit results in the Southern and Northern skies (hy-
pothesis F) lead to similar results. Other models assume
additional features in the flux shape, such as a cutoff (hy-
potheses B and E), break in the spectrum (hypothesis D),
energy dependence of the spectral index (hypothesis C)
as well as an additional neutrino emission component at
high neutrino energies from the population of BL Lac
blazars (hypothesis E). The latter has been modeled ac-
cording to [69] with one free parameter, the neutrino to
γ-ray intensity ratio, Yνγ . The fit results are given in
Tab. IV. Although not statistically significant, the results
(hypothesis C, D and E) indicate an overall soft spectral
index (γ ∼ 2.4 − 2.6), a softening of spectral index with
energy from γ ∼ 2.0 to γ ∼ 2.75 above ∼ 40 TeV, or a
cutoff in the flux from the low energy component at en-
ergies as low as ∼ 0.1 PeV. The non-zero contribution
from the BL Lac neutrino flux component (hypothesis
E), which is proportional to the Yνγ , is statistically non-
significant. We thus placed an upper limit on the ratio
Yν,γ < 0.41 at 90% C.L., leading to the conclusion that a
significant fraction of the γ-ray emission from BL Lacs is
due to leptonic processes, in agreement with the IceCube
limit at ultra high energies [70, 71]. Current statistics
are not sufficient to distinguish between models that go
beyond single power law (hypotheses B-F, Tab. IV). The
most significant extension to the single power law is hy-
pothesis C, with a p-value of 0.06.
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[
]
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FIG. 3. Astrophysical neutrino flux as a function of energy.
Black crosses represent the differential flux model best fit re-
sults for the 2010−2015 (6 years) cascade data. Colored solid
(dashed) curves represent astrophysical neutrino flux models
in (outside of) the sensitive energy range. Their functional
forms as well as fit results are given in Table IV. The 1σ
uncertainty band corresponds to the 68% C.L. simultaneous
coverage for the unbroken single power law flux.
Summary. We report on the first measurement of the
high energy astrophysical electron and tau neutrino flux
and its spectral properties in the 16 TeV− 2.6 PeV sensi-
tive neutrino energy range with 6 years of IceCube data.
The diffuse astrophysical neutrino flux is consistent with
a single power-law and with expectations from Fermi-
type acceleration of high energy particles at astrophys-
ical sources, with a spectral index of γ = 2.53 ± 0.07
and a flux normalization for each neutrino flavor of
φastro = (1.66
+0.25
−0.27) at E0 = 100 TeV. The result agrees
with previous IceCube astrophysical neutrino flux mea-
surements in all-neutrino flavor (starting events) chan-
nel and with the measurements in the νµ (track) chan-
nel (1.5σ). Several astrophysical neutrino flux models
have been tested. Within the current statistical preci-
sion, no evidence for additional spectral complexity has
been found. While not statistically significant, fit results
showed a softening of the flux towards higher energies
E > 100 TeV and a hardening of the neutrino flux to-
wards lower energies.
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9Hypothesis Flux Model (νastro) Φ
ν+ν¯
astro (E, cos θ) /C0 = Result g.o.f significance [σ]
A single power law Φ0 (E/E0)
−γ γ = 2.53+0.07−0.07 0.88 −
Φ0 = 1.66
+0.25
−0.27
B single power law Φ0 (E/E0)
−γ exp (−E/Ecut) γ = 2.45+0.09−0.11 0.79 1.0
with cutoff Φ0 = 1.83
+0.37
−0.31
log10(Ecut/GeV) = 6.4
+0.9
−0.4
C log parabolic power law Φ0 (E/E0)
−Γ(E) γ = 2.58+0.10−0.10 0.79 1.6
Γ (E) = γ + b log (E/E0) Φ0 = 1.81
+0.31
−0.29
b = 0.07+0.05−0.05
D broken power law Φb
{
(E/Eb)
−γ1 E ≤ Eb
(E/Eb)
−γ2 E > Eb
Φ0 = 1.71
+0.65
−0.29
log10(Eb/GeV) = 4.6
+0.5
−0.2
0.82 1.3
Φb = Φ0 ×
{
(E0 /Eb)
γ1 Eb > E0
(E0 /Eb)
γ2 Eb ≤ E0
γ1 = 2.11
+0.29
−0.67
γ2 = 2.75
+0.29
−0.14
E single powerlaw Φ0 (E/E0)
−γ exp (−E/Ecut) γ = 2.0+0.3−0.4 0.78 1.1
with cutoff +
∑
BL Lac +Yνγ × f (E) Φ0 = 4.3+3.2−1.6
[Padovani BLLac]
log10(Ecut/GeV) = 5.1
+0.3
−0.2
Yνγ = 0.20
+0.12
−0.09
F two hemispheres
{
ΦN (E/E0)
−γN cos θ ≤ 0
ΦS (E/E0)
−γS cos θ > 0
γN = 2.45
+0.17
−0.36
ΦN = 1.3
+0.7
−1.0
0.87 0.0
γS = 2.52
+0.10
−0.11
ΦS = 1.62
+0.30
−0.29
TABLE IV. C0 = 3× 10−18 GeV−1 · cm−2 · s−1 · sr−1 and E0 = 100 TeV.
Goodness of fit (g.o.f.) test used in this work is the saturated Poisson likelihood test [54, 65]. The corresponding g.o.f. p-values
have been calculated as described in [54] (Section 5.5). Significance σ of alternative, more complex astrophysical flux models
over single power-law model as determined from toy experiments. The significance of the single-powerlaw fit with respect to
the background only hypothesis (Φastro = 0) is 9.9σ. All significances are given using the one-sided convention.
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FIG. 4. Left: possible contributions from each ν flavor to the total ν flux at Earth as function of the fraction of muon neutrinos
fSνµ ∈ [0, 1] injected at astrophysical ν sources assuming standard neutrino oscillations [21, 22]. Right: measurement of the
combined flux (single power-law) of electron and tau neutrinos (68% C.L.) taking into account possible variations in the injected
flavor ratio at astrophysical sources through an additional nuisance parameter fSνµ ∈ [0, 1] (black) and assuming flavor equality
at earth, the baseline of this work (red). Both results are approximately identical, because the contribution of astrophysical
muon neutrinos to the cascade samples is suppressed.
